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Abstract

Repetitive peripheral magnetic stimulation (rfPMS) is a non-invasive stimulator that can induce
strong muscle contraction in selective regions. This study aimed to measure acute changes in
skeletal muscle thickness induced by rPMS following a low-intensity exercise. Fifteen healthy
young men performed an isometric knee extensor exercise at 30% of maximum strength consisting
of three sets of 10 contractions on their dominant leg. rPMS was then applied on the vastus lateralis
(VL) at the maximum intensity of the rPMS device. Muscle thicknesses of the rectus femoris (RF)
and VL were measured using an ultrasound device and were compared among baseline, post-
exercise, and post-rPMS. There were significant increases in muscle thickness of both the RF and
VL post-exercise compared with baseline values (RF: baseline; 24.7+2.4, post-exercise; 25.3+2.4
mm, p = 0.034, VL: baseline; 27.0+2.8, post-exercise; 27.4+£2.8 mm, p = 0.006). Compared with
post-exercise, there was a significant increase post-rPMS in only the VL (VL: post-rPMS; 28.3+£2.9
mm, p = 0.002). These findings suggest that low-intensity isometric exercise can induce acute
increases in muscle thickness (muscle swelling) in synergist muscles, and rPMS following exercise

can induce further acute muscle swelling via repetitive muscle contraction.

Keywords
non-invasive peripheral stimulation; knee extensor; low-intensity exercise; acute muscle swelling;

peripheral magnetic stimulation
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Introduction

Non-invasive peripheral stimulation is a method used to contract the muscle by applying an
external stimulating device over a nerve, muscle, or spinal root to depolarize the conductive
structures in the peripheral nervous system. Non-invasive peripheral stimulation such as
neuromuscular electrical stimulation or repetitive peripheral magnetic stimulation (rPMS) is used
in research and clinical settings (Beaulieu & Schneider, 2015; Hasegawa et al., 2011; Nardone et
al., 2015). Although transcutaneous electrical nerve stimulation causes skin pain due to an
unavoidable stimulation of skin nociceptors, rPMS can induce muscle contraction without pain.
Electromagnetic fields induced by rPMS produce eddy currents in the peripheral neuromuscular
system that bypass cutaneous pain receptors (Barker, 1991). This characteristic of rPMS enables
the stimulation of muscle contractions with less pain; therefore, rPMS can induce a stronger torque
compared to electrical stimulation when stimulated at an intensity the participant can tolerate (Han,
Shin, & Kim, 2006).

Some studies reported the effects of rPMS on the increase in excitability of the primary
motor cortex and improvement of motor functions in stroke patients (Beaulieu, Masse-Alarie,
Camire-Bernier, Ribot-Ciscar, & Schneider, 2017; Sakai, Yasufuku, Kamo, Ota, & Momosaki,
2019). Selective rTPMS of the multifidus muscles in participants with low back pain improved
excitability of the primary motor cortex and activity of the muscle during movement (Masse-Alarie,
Beaulieu, Preuss, & Schneider, 2017). Similar to these findings, previous studies investigating the
effects of rPMS reported excitability of the nervous system or improvement of motor functions as
the main outcome measure. rPMS is thought to improve sensorimotor functions by modifying the
central nervous system via the ascending pathway (Kumru et al., 2017). For this reason, rPMS is
often used in studies focused on the improvement of neurological functions in stroke patients

(Beaulieu & Schneider, 2013; Momosaki, Yamada, Ota, & Abo, 2017; Sakai et al., 2019). The
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ability for rPMS, to induces a painless muscle contraction (Han et al., 2006) makes it possible to
promote greater-intensity muscle contractions without pain and induce repetitive contractions that
can cause muscular morphological changes such as acute muscle swelling. A previous study based
on in vivo mouse muscle injury models showed that magnetic stimulation caused myofiber
hypertrophy (Stolting et al., 2016). Nevertheless, to the best of our knowledge, only one study has
investigated the effects of rPMS on muscle morphology in humans. The study showed that rPMS
could improve muscle strength after a 5-week intervention but not induce muscle hypertrophy
(Yang, Jee, Hwang, & Sohn, 2017). The application of rPMS alone might not produce a sufficient
trigger to change the muscle morphology.

High-intensity training is recommended (American College of Sports Medicine, 2009);
however, in older individuals or patients with cardiorespiratory or orthopedic problems, attention
needs to be paid to the safety of high-intensity training. High-intensity training cannot be applied
to all patients. In contrast, low-intensity training is widely used in clinical settings and rehabilitation
because it can be carried out with low risks of increasing blood pressure or joint stress. A
combination of non-invasive external stimulation and normal low-intensity exercise may be a
potential effective method. For example, a previous study showed that the combination of whole-
body neuromuscular electrical stimulation and voluntary exercise induced greater metabolic
responses than exercise alone (Watanabe, Yoshida, Ishikawa, Kawade, & Moritani, 2019),
suggesting that the combination could enhance the metabolic response to the same level as a high-
intensity exercise. However, the coil used in the rPMS device gets overheated after repeated use,
limiting the number of stimulation repetitions. Although rPMS alone may not be sufficient in
stimulating a muscle anabolic response (Yang et al., 2017), the combination of rPMS and low-
intensity exercise may induce metabolic responses.

Acute changes in skeletal muscle include swelling that is associated with hypertrophy
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(Schoenfeld, 2013). Muscle swelling occurs as a result of increasing phosphocreatine and hydrogen
ion accumulation because of blood lactate elevations (Gonzalez et al., 2015), leading to a state of
increased muscle cross-sectional area or muscle thickness because of an increased extracellular
fluid (Taniguchi, Yamada, & Ichihashi, 2020). A recent study suggested that muscle swelling
assessed by increased muscle thickness immediately after exercise using ultrasonography was
related to subsequent muscle hypertrophy (Hirono et al., 2020).

Because coil overheating limits the use of the rPMS device, the combination of exercise
and rPMS may be applied in clinical situations. The rPMS device does not require skin treatments
and can be placed over the clothes; therefore, this device can be used easily and immediately
following exercise. The present study aimed to investigate the effect of IPMS combined with low-
intensity exercise on acute muscle swelling. Thus, we compared muscle swelling immediately after
a low-intensity knee extension exercise with muscle swelling immediately after selective rPMS
following exercise. We hypothesized that muscle swelling in the knee extensor muscles would
occur immediately after a low-intensity knee extension exercise, while further muscle swelling in
a selective stimulated region would occur after rPMS. These examinations may be useful in
suggesting a new exercise method that reduces the amount of a patient’s voluntary muscle activity

but still have effects on selective muscles.

Materials and Methods

Participants
Fifteen healthy young men participated in the present study (age, 25.5 + 3.7 years; body weight,

62.9 £ 6.2 kg; height, 171.1 + 7.1 cm). None of the participants had a history of musculoskeletal

BLAEA e Y Y

KUBENAL

i



5N P

 KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

and neurological problems in their legs. The study was approved by the investigators’ institutional
ethics committee (R1918) and conformed to the principles of the Declaration of Helsinki. Before
participating in the study, the participants received a detailed explanation of the protocol and gave
written informed consent.

According to our preliminary data (n = 5) that investigated the acute increase of muscle
thickness in VL after exercise and rPMS, power analysis for paired t-tests using an effect size of
0.870, with an a-error of 0.05, and a power of 0.80 revealed that the required sample size was 13
participants (G*Power 3.1, Dusseldorf, Germany). Therefore, a total of 15 participants volunteered

and were recruited in this study.

Procedure

The experimental procedure followed for the present study is detailed in Fig. 1. Measurements,
exercises, and applications of rPMS were performed on the participants’ dominant legs, determined
by which leg they would use to kick a ball. First, muscle thickness was measured using an
ultrasound device in the supine and rest positions (Pre). Then, maximum isometric knee extension
strength was measured in the sitting position. After a rest interval of more than 2 min, the
participants performed low-intensity knee extension exercises. Immediately after the exercise,
muscle thickness was measured again in the supine position (Post 1). After the second measurement
of muscle thickness, rPMS was applied on their lateral thigh over the vastus lateralis (VL) in the
sitting position (Fig. 2). Immediately after the application of rPMS, muscle thickness was measured

in the supine position (Post 2).

Measurements for muscle thickness

The participants were instructed to lie in the supine position and relax. Muscle thickness of the
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rectus femoris (RF) and VL were measured on B-mode images in the transverse plane taken using
a wireless ultrasound device with a 10-MHz linear array probe in MSK preset (SONON 300L;
Healcerion Co., Ltd, Seoul, Korea). B-mode images of the RF were obtained at the median of the
distance from the anterior superior iliac spine to the superior border of the patella. B-mode images
of the VL were obtained at the median of the distance from the greater trochanter to the lateral
condyle of the femur. These points were marked with a semipermanent ink so that the
measurements could be performed at the same locations. B-mode images were obtained in minimal
contact force when the femur was clearly seen (Pigula-Tresansky et al., 2018), and a sufficient
amount of water-soluble gel was applied to the skin. Muscle thickness was determined as the
distance between the superficial and deep aponeuroses. Thickness of each muscle was measured
three times, and the averaged value was used in subsequent analyses.

To confirm the reliability of the measurements, muscle thicknesses of the RF and VL in
the dominant leg were measured three times. The intraclass correlation coefficient (1, 3) of the
three measurements of muscle thickness of the RF and VL were 0.997 and 0.994, respectively. In
addition, the coefficient of variation (CV) and the standard error of the mean (SEM) among the
three measurements in each participant were calculated. The mean + standard deviation of CV of
the RF and VL were 0.7 £ 0.4 % and 1.1 + 0.6 %, respectively. The mean + standard deviation of

SEM of the RF and VL were 0.11 + 0.05 mm and 0.17 + 0.09 mm, respectively.

Maximum isometric strength and low-intensity exercise

Maximum isometric torque was measured, and low-intensity exercise was performed using the
isometric mode of a dynamometer (Biodex system 4; Biodex Medical Systems, Inc., Shirley, New
York, USA). The participants were seated on the dynamometer chair, and their trunk and pelvis

were fixed with inelastic belts with their hip joints at 80° flexion (0° corresponds to neutral position
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between the trunk and the thigh). The lateral epicondyle of the femur was aligned to the
dynamometer’s axis of rotation, and the shank of the dominant leg was fastened to the lever arm.
They gripped the levers on both sides of the chair. The knee flexion angle was set at 90° while
measuring the maximum isometric knee extension strength and performing the low-intensity
isometric exercise (0° corresponds to full extension).

Maximum isometric knee extension torque was measured before exercise. After sufficient
warm-up, the participants exerted their maximum voluntary knee extension torque for
approximately 3 s with verbal encouragements. The peak torque during a 3-s contraction was
defined as maximum strength. The measurements were performed twice with an interval of 60 s,
and the largest value was defined as the maximal voluntary contraction (MVC). After more than 2
min of rest, the participants were asked to report their self-perceived fatigue in their knee extensors.
After the investigator confirmed they were not fatigued, the participants performed the isometric
knee extension exercise at the target torque of 30% of MVC. The low-intensity protocol exercise
is widely used in clinical settings and rehabilitation. Exerted torque and the target torque were
displayed on a monitor that was located 1 m in front of the participants. They were instructed to
exert their knee extension torque over the target torque of 30% of MVC during their voluntary
contractions. The low-intensity isometric exercise was performed in three sets; one set comprised
10 repetitions of 5 s contractions and 5 s rest intervals, and inter-set intervals were 60 s. Each
exerted torque during the low-intensity exercise was recorded, excluding the initial 1-s torque,
which was considered the increasing phase. The recorded torques were normalized to MVC, and

the averaged torque (%MVC) was calculated.

Repetitive peripheral magnetic stimulation

rPMS was delivered over the participants’ lateral thighs on the dominant leg. The participants sat
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on the dynamometer chair with 90° knee flexion, which was the same position as the exercise task.
rPMS was applied for two sessions using the round coil of the rPMS device (Pathleader; IFG Co.,
Sendai, Japan) at a frequency of 50 Hz: one session consisted of 50 contractions with a stimulation
duration of 1 s and an inter-stimulation interval of 3 s; the inter-session interval was set at 100 s.
The total number of stimuli were 5,000 pulses. Immediately before rPMS sessions, test stimulations
were applied at about 5—6 contractions with incremental intensity to familiarize rPMS (from Levels
50 to 100). The maximum intensity of the device, level 100, indicates approximately 0.9 Tesla.
Since the study aimed to induce muscle swelling by muscle contractions, rPMS was applied to all
participants at the maximum stimulation intensity level of the device (Level 100), and all sessions
were completed without stopping because of overheating. No participant in this study halted the
stimulation due to pain or an uncomfortable feeling during the rPMS. Compared with other studies
targeted at sensorimotor impairments (Beaulieu & Schneider, 2015), the intensity was greater, and
the protocol might be efficient in physiological benefits. The peak torque in each contraction of all
twitch torques induced by rPMS was recorded using the dynamometer, and the average and

standard deviation of all 100 contractions were calculated.

Statistical analyses

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS
version 22.0; IBM Japan, Inc., Tokyo, Japan). Shapiro-Wilk test was performed to test for normality
of muscle thickness data. Analyses of variance (ANOVA) or Friedman test was performed within
factors of time (Pre, Post 1, Post 2) for each muscle (RF and VL) to analyze the main effects of the
changes in muscle thickness. When a main effect was identified as statistically significant, paired
t-tests or Wilcoxon signed-rank tests with Bonferroni corrections were used. Effect sizes (ESs)

were calculated between Pre and Post 1, between Pre and Post 2, and between Post 1 and Post 2
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using Cohen’s d. The statistical significance was set at p < 0.05.

Results

Changes in muscle thickness

The Shapiro-Wilk tests indicated that the thickness of the VL at Post 1 and Post 2 and the RF at
Post 2 were not normally distributed (p < 0.05). Therefore, the Friedman tests were conducted to
analyze the variables. The changes in muscle thickness of the RF and VL are shown in Fig. 3. The
Friedman tests revealed significant main effects for the VL (p < 0.001) and RF (p < 0.001). The
Wilcoxon signed-rank tests with Bonferroni corrections revealed that the VL at Post 1 was
significantly greater than that at Pre (Pre, 27.0 = 2.8 mm; Post 1, 27.4 £ 2.8 mm; ES=0.15,p =
0.006), and the VL at Post 2 was significantly greater than that at Pre (Post 2, 28.3 = 2.9 mm; ES
=0.44,p=0.001) and Post 1 (ES =0.29, p = 0.002). Post-hoc analysis showed that the RF at Post
1 was significantly greater than that at Pre (Pre, 24.7 £ 2.4; Post 1, 25.3 £2.4 mm; ES=0.22,p =
0.034), while the RF at Post 2 was significantly lower than that at Post 1 (Post 2, 24.8 = 2.4 mm;
ES = 0.21, p = 0.007). There was no significant difference in the muscle thickness of the RF

between Pre and Post 2 (ES =0.01, p = 1.0).

Exerted torques during low-intensity isometric exercise and rPMS
The average torque during the low-intensity isometric exercise was 30.2 £ 2.4 % MVC. The
average twitch torque of all 100 contractions induced by rPMS was 8.8 = 3.3 % MVC (absolute

torque value: 16.2 £ 4.6 Nm).
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Discussion

We investigated muscle swelling after a low-intensity isometric knee extension exercise and
additional muscle swelling after applying rPMS on the VL following exercise in healthy young
men. In agreement with our hypotheses, muscle swelling of both the RF and VL occurred after the
low-intensity exercise, and further muscle swelling after rPMS was only observed in the VL. This
is the first study showing that the combination of rPMS and a low-intensity exercise induces further
muscle swelling.

Although muscle swelling of both the RF and VL occurred after the low-intensity exercise,
the ESs were small (ES = 0.22 and 0.15, respectively). The sensitivity of measuring ultrasound
images of RF and VL assessments performed at only one site rather than multiple sites could have
led to the small ESs. After the rPMS following exercise, further muscle swelling of the VL occurred
due to selective stimulation (ES = 0.44). The change in muscle thickness after the low-intensity
exercise in the present study was smaller than the change after a high-intensity exercise in a
previous study (Vieira et al., 2018). However, muscle hypertrophy occurred when an exercise with
acute changes in the small ES was performed (Fahs et al., 2015). A previous study that applied a
total of 1,500 pulses per session recorded no muscle hypertrophy after the rPMS intervention (Yang
et al., 2017). The present study applied rPMS at its maximal intensity on the device (0.9 Tesla),
and the number of pulses were greater (5,000 pulses) than the previous study. Future researches
should clarify the intensity, the number of pulses, and the strength of the evoked torque required
for morphological changes.

We used the rPMS device with a round coil that enabled stimulation of deeper and larger

areas than with a figure-of-8 coil (Nicola Smania et al., 2003; N. Smania et al., 2005). Considering
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the result that muscle thickness of the RF at Post 2 returned to baseline, tPMS may stimulate only
the VL selectively without inducing contractions of the surrounding muscles. Another result of the
present study revealed that averaged twitch torques of all 100 contractions induced by rPMS with
maximum intensity were about 9% of MVC. The increase in VL muscle thickness following
voluntary exercises at 30% of MVC had a small ES (ES = 0.15), whereas the increase in VL muscle
thickness following rPMS at only 9% of MVC was larger (ES = 0.29). Even if the deep muscle
could contract due to the eddy currents, the evoked torque from the deep muscle was probably
weak because the strength of the generated magnetic field was inversely proportional to the square
of the distance. At the time of the rPMS application, the lateral part of the muscles (VL and perhaps
vastus intermedius under the VL) produced 9% torque of the whole knee extensor muscle capacity.
Therefore, it was presumed that great and repeated muscle contractions were induced at the
stimulated site. After wards, metabolic mechanisms would be stimulated, and intra- and
extracellular water balance in the muscle would be altered due to increases in phosphocreatine and
hydrogen ion accumulation, resulting in muscle swelling (Allen, Lamb, & Westerblad, 2008;
Taniguchi et al., 2020; Watson, Garner, & Ward, 1993). Although we assessed muscle swelling in
only one site of the VL, it will be interesting to assess muscle swelling in distal or proximal non-
stimulated sites. The effect of rPMS on muscle tension in the whole muscle should be evaluated
with an intervention with larger sample sizes in future studies. In addition, the mechanism of motor
unit or muscle fiber recruitment by the rPMS remains unclear. Although a previous study on in vivo
injured muscle of mice reported that the magnetic stimulation caused muscle regeneration and
induced type I myofiber hypertrophy (Stolting et al., 2016), the characteristics of rPMS for
recruitment of motor units or muscle fibers in vivo remains unclear. The recruitment pattern of
motor units induced by rPMS in human is interesting for investigating in future.

The characteristic of stimulating selective vastus muscles of the quadriceps femoris

12
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muscles may be expected to be applied in various clinical situations. Patients with knee
osteoarthritis have been reported to have less muscle mass of the vastus muscles compared with
healthy individuals (Aily et al., 2019; Taniguchi et al., 2015). In knee extension exercises, it is
generally not possible to contract only one of the synergist muscles to enable contraction of only
the VL; rather all synergist muscles contract. Considering that individual differences in force
distribution among synergist muscles occur while exerting muscle force (Crouzier et al., 2020; Hug
et al., 2015; Hug et al., 2019), general strength training may not improve the muscle mass of the
vastus muscles in patients with less force exertion. Applying rPMS selectively to atrophied muscle
may improve imbalance among synergist muscles. In addition, because imbalance of muscle forces
among hip muscles could increase joint stress (Lewis, Sahrmann, & Moran, 2007), it is expected
that there will be clinical applications in the prevention of muscle atrophy and promotion of muscle
hypertrophy for selective muscles in various joints. The effects of selective stimulation of various
muscles on kinesiology or motor functions should be investigated in future studies.

This study had some limitations. We recruited healthy young men; therefore, the clinical
application in older individuals or patient needs to be considered carefully. Specifically, applying
magnetic stimulation to an area around artificial joints or fixations of metallic materials is difficult.
Future studies should investigate the effect on the promotion of muscle hypertrophy and the
prevention of muscle atrophy in patients. Another limitation was that we examined only acute
changes after exercise. Therefore, it is unclear whether applications of rPMS do, in fact, induce
chronic muscle hypertrophy. It would be interesting to determine whether the continuous
application of rPMS changes muscle morphology and improves muscle strength or motor
performance. Further investigations are expected in the future. Additionally, a methodological
limitation on the measurements of muscle thickness should be discussed. We assessed only one site

each of the RF and VL and measured only one distance between the superficial and deep
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aponeuroses. Although the reliabilities high, assessment at one location could lead to mis-
interpretation of measurements because muscle morphology is non-uniform (Wakahara, Fukutani,
Kawakami, & Yanai, 2013). Future studies should focus on whole muscle changes. Finally, the
negative aspects of peripheral magnetic stimulation should be considered. When applying the
stimulation in patients or older adults, it cannot be denied that non-voluntary stimulated muscle
contractions can lead to an unaccustomed activation pattern among synergists, which can in turn
lead to an unaccustomed stress or strain within the tissue, leading to muscle damage. Considering
other aspects, the magnetic stimulator is expensive, repetitive use leads to be overheating it, and it
cannot be used on metallic objects such as artificial joint sites. These aspects should be considered
in future study and clinical settings.

In summary, we demonstrated that low-intensity exercises increased muscle thickness at
one site of RF and VL. Applying rPMS following exercise induced further increased muscle
thickness of the VL which was selectively stimulated. Further clinical applications of rPMS in the
prevention of muscle atrophy, promotion of muscle hypertrophy, and improvement of muscle

imbalance are expected in the future.

Acknowledgments
We would like to thank Ms. Ibuki (Kyoto University) and Editage (www.editage.jp) for English

language editing. We also thank all the participants for their cooperation in this study.

Funding

This work was supported by a Grant-in-Aid from the Japan Society for the Promotion of Science

Fellows (19J14772).

14

BLAEA e Y Y

KUBENAL

i



A Self-archived copy in PrabA A A U R
5L

. . B A )
jnil HSA T Kyoto University Research Information Repository !(IUBWENAII

KYOTD UMIVERSITY https://repository.kulib.kyoto-u.ac.jp

Disclosure statement
The authors declare that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

References

Aily, J. B., de Noronha, M., de Almeida, A. C., Pedroso, M. G., Maciel, J. G., Mattiello-Sverzut,
A. C,, etal. (2019). Evaluation of vastus lateralis architecture and strength of knee
extensors in middle-aged and older individuals with knee osteoarthritis. Clin Rheumatol,

38(9), 2603-2611.

Allen, D. G., Lamb, G. D., & Westerblad, H. (2008). Skeletal muscle fatigue: cellular

mechanisms. Physiol Rev, 88(1), 287-332.

American College of Sports Medicine. (2009). American College of Sports Medicine position
stand. Progression models in resistance training for healthy adults. Med Sci Sports Exerc,

41(3), 687-708.

Barker, A. T. (1991). An introduction to the basic principles of magnetic nerve stimulation. J

Clin Neurophysiol, 8(1), 26-37.

Beaulieu, L. D., Masse-Alarie, H., Camire-Bernier, S., Ribot-Ciscar, E., & Schneider, C. (2017).
After-effects of peripheral neurostimulation on brain plasticity and ankle function in

chronic stroke: The role of afferents recruited. Neurophysiol Clin, 47(4), 275-291.

Beaulieu, L. D., & Schneider, C. (2013). Effects of repetitive peripheral magnetic stimulation on

normal or impaired motor control. A review. Neurophysiol Clin, 43(4), 251-260.

15



5N P

EYOTD UMIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Beaulieu, L. D., & Schneider, C. (2015). Repetitive peripheral magnetic stimulation to reduce
pain or improve sensorimotor impairments: A literature review on parameters of

application and afferents recruitment. Neurophysiol Clin, 45(3), 223-237.

Crouzier, M., Tucker, K., Lacourpaille, L., Doguet, V., Fayet, G., Dauty, M., et al. (2020). Force-
sharing within the Triceps Surae: An Achilles Heel in Achilles Tendinopathy. Med Sci

Sports Exerc, 52(5), 1076-1087.

Fahs, C. A., Loenneke, J. P., Thiebaud, R. S., Rossow, L. M., Kim, D., Abe, T., et al. (2015).
Muscular adaptations to fatiguing exercise with and without blood flow restriction. Clin

Physiol Funct Imaging, 35(3), 167-176.

Gonzalez, A. M., Hoffman, J. R., Townsend, J. R., Jajtner, A. R., Boone, C. H., Beyer, K. S., et
al. (2015). Intramuscular anabolic signaling and endocrine response following high

volume and high intensity resistance exercise protocols in trained men. Physiol Rep, 3(7).

Han, T. R., Shin, H. I., & Kim, I. S. (2006). Magnetic stimulation of the quadriceps femoris
muscle: comparison of pain with electrical stimulation. Am J Phys Med Rehabil, 85(7),

593-599.

Hasegawa, S., Kobayashi, M., Arai, R., Tamaki, A., Nakamura, T., & Moritani, T. (2011). Effect
of early implementation of electrical muscle stimulation to prevent muscle atrophy and

weakness in patients after anterior cruciate ligament reconstruction. J Electromyogr

Kinesiol, 21(4), 622-630.

Hirono, T., Ikezoe, T., Taniguchi, M., Tanaka, H., Saeki, J., Yagi, M., et al. (2020). Relationship
between muscle swelling and hypertrophy induced by resistance training. J Strength Cond

Res.

16

BLAEA e Y Y

KUBENAL

i



A Self-archived copy in PrabA A A U R

. . B A )
jnil HSA T Kyoto University Research Information Repository KUBNENAIIJ{'I

KYOTD UMIVERSITY https://repository.kulib.kyoto-u.ac.jp

Hug, F., Goupille, C., Baum, D., Raiteri, B. J., Hodges, P. W., & Tucker, K. (2015). Nature of the
coupling between neural drive and force-generating capacity in the human quadriceps

muscle. Proc Biol Sci, 282(1819).

Hug, F., Vogel, C., Tucker, K., Dorel, S., Deschamps, T., Le Carpentier, E., et al. (2019).
Individuals have unique muscle activation signatures as revealed during gait and pedaling.

J Appl Physiol (1985), 127(4), 1165-1174.

Kumru, H., Albu, S., Rothwell, J., Leon, D., Flores, C., Opisso, E., et al. (2017). Modulation of
motor cortex excitability by paired peripheral and transcranial magnetic stimulation. Clin

Neurophysiol, 128(10), 2043-2047.

Lewis, C. L., Sahrmann, S. A., & Moran, D. W. (2007). Anterior hip joint force increases with
hip extension, decreased gluteal force, or decreased iliopsoas force. J Biomech, 40(16),

3725-3731.

Masse-Alarie, H., Beaulieu, L. D., Preuss, R., & Schneider, C. (2017). Repetitive peripheral
magnetic neurostimulation of multifidus muscles combined with motor training

influences spine motor control and chronic low back pain. Clin Neurophysiol, 128(3),

442-453.

Momosaki, R., Yamada, N., Ota, E., & Abo, M. (2017). Repetitive peripheral magnetic
stimulation for activities of daily living and functional ability in people after stroke.

Cochrane Database Syst Rev, 6, CD011968.

Nardone, R., Holler, Y., Taylor, A., Thomschewski, A., Orioli, A., Frey, V., et al. (2015).
Noninvasive Spinal Cord Stimulation: Technical Aspects and Therapeutic Applications.

Neuromodulation, 18(7), 580-591; discussion 590-581.

17



A Self-archived copy in PrabA A A U R

. . B A )
jnil HSA T Kyoto University Research Information Repository KUBNENAIIJ{'I

KYOTD UMIVERSITY https://repository.kulib.kyoto-u.ac.jp

Pigula-Tresansky, A. J., Wu, J. S., Kapur, K., Darras, B. T., Rutkove, S. B., & Anthony, B. W.
(2018). Muscle compression improves reliability of ultrasound echo intensity. Muscle

Nerve, 57(3), 423-429.

Sakai, K., Yasufuku, Y., Kamo, T., Ota, E., & Momosaki, R. (2019). Repetitive peripheral
magnetic stimulation for impairment and disability in people after stroke. Cochrane

Database Syst Rev, 11, CD011968.

Schoenfeld, B. J. (2013). Potential mechanisms for a role of metabolic stress in hypertrophic

adaptations to resistance training. Sports Med, 43(3), 179-194.

Smania, N., Corato, E., Fiaschi, A., Pietropoli, P., Aglioti, S. M., & Tinazzi, M. (2003).
Therapeutic effects of peripheral repetitive magnetic stimulation on myofascial pain
syndrome. Clinical Neurophysiology, 114(2), 350-358.

Smania, N., Corato, E., Fiaschi, A., Pietropoli, P., Aglioti, S. M., & Tinazzi, M. (2005).
Repetitive magnetic stimulation: a novel therapeutic approach for myofascial pain

syndrome. J Neurol, 252(3), 307-314.

Stolting, M. N., Arnold, A. S., Haralampieva, D., Handschin, C., Sulser, T., & Eberli, D. (2016).
Magnetic stimulation supports muscle and nerve regeneration after trauma in mice.

Muscle Nerve, 53(4), 598-607.

Taniguchi, M., Fukumoto, Y., Kobayashi, M., Kawasaki, T., Maegawa, S., Ibuki, S., et al.
(2015). Quantity and Quality of the Lower Extremity Muscles in Women with Knee

Osteoarthritis. Ultrasound Med Biol, 41(10), 2567-2574.

18



5N P

EYOTD UMIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Taniguchi, M., Yamada, Y., & Ichihashi, N. (2020). Acute effect of multiple sets of fatiguing
resistance exercise on muscle thickness, echo intensity, and extracellular-to-intracellular

water ratio. Appl Physiol Nutr Metab, 45(2), 213-219.

Vieira, A., Blazevich, A., Souza, N., Celes, R., Alex, S., Tufano, J. J., et al. (2018). Acute
changes in muscle thickness and pennation angle in response to work-matched concentric

and eccentric isokinetic exercise. App! Physiol Nutr Metab, 43(10), 1069-1074.

Wakahara, T., Fukutani, A., Kawakami, Y., & Yanai, T. (2013). Nonuniform muscle
hypertrophy: its relation to muscle activation in training session. Med Sci Sports Exerc,

45(11), 2158-2165.

Watanabe, K., Yoshida, T., Ishikawa, T., Kawade, S., & Moritani, T. (2019). Effect of the
Combination of Whole-Body Neuromuscular Electrical Stimulation and Voluntary

Exercise on Metabolic Responses in Human. Front Physiol, 10, 291.

Watson, P. D., Garner, R. P., & Ward, D. S. (1993). Water uptake in stimulated cat skeletal

muscle. Am J Physiol, 264(4 Pt 2), R790-796.

Yang, S. S., Jee, S., Hwang, S. L., & Sohn, M. K. (2017). Strengthening of Quadriceps by

Neuromuscular Magnetic Stimulation in Healthy Subjects. PM R, 9(8), 767-773.

Figure legends

Figure. 1

Experimental procedure
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Figure. 2
Applying the coil of the rPMS device over the VL

rPMS, repetitive peripheral magnetic stimulation; VL, vastus lateralis

Figure. 3

Changes in muscle thickness before and after a low-intensity exercise and rPMS

The left box plots represent muscle thickness of the VL. The right box plots represent muscle
thickness of the RF. Compared with muscle thickness before exercise (Pre), muscle thickness of
the VL and RF increased after the low-intensity exercise (Post 1). After rPMS of the VL (Post 2),
muscle thickness of the VL increased significantly compared with Post 1, and muscle thickness of
the RF decreased significantly. * represents significant difference (p < 0.05). The horizontal line in
the box represents the median value. The upper and lower hinges correspond to the first and third
quartiles. The whiskers extend from the hinge to the maximum or minimum value within £1.5 x
inter-quartile range of the hinge. Individual data points are values outside these ranges. An X
marker represents the mean value. rPMS, repetitive peripheral magnetic stimulation; VL, vastus

lateralis; RF, recurs femoris
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